Hypoglycemia of sufficient severity to cause cessation of EEG activity (coma) is accompanied by en ergy failure and by loss of ion homeostasis, the latter en compassing a marked rise in extracellular fluid (ECF) K + concentration and a fall in ECF Ca2+ concentration. Pre sumably, ECF Na + concentration decreases as well. In the present study, the extent that the altered ECF-plasma gradients give rise to net ion fluxes between plasma and tissue is explored. Accordingly, whole tissue contents of Ca2+, Mg2+, K +, and Na + were measured. The experi ments were carried out in anaesthetized and artificially ventilated rats given insulin i.p.; cerebral cortical tissue was sampled at the stage of slow-wave EEG activity, after 10, 30, and 60 min of coma (defined as isoelectric
Insulin-induced hypoglycemia of sufficient se verity to cause coma and loss of spontaneous elec trical activity is associated with marked cellular en ergy failure (Hinzen and Muller, 1971; Lewis et al. , 1974; Feise et aI., 1976; Norberg and Siesjo, 1976; Agardh et aI., 1978) . Such energy failure occurs pari passu with, and probably is the cause of, loss of ion homeostasis. For example, at the time of cessation of spontaneous electrical activity, extra cellular potassium concentration (K + e) increases from �3 to �50 f,Lmol L -1 (Astrup and Norberg, 1976; Pelligrino et aI., 1982) , while extracellular cal cium (Ca2+ e) is reduced to 10% of the normal value (Harris et aI., 1984; Wieloch et aI., 1984) . Thus, hy poglycemic coma creates appreciable concentration EEG), as well as after 1.5, 6, and 24 h of recovery. In the precomatose animals (with a slow-wave EEG pattern), no changes in electrolyte contents were observed. During coma, tissue Na + content increased progressively and the K + content fell (each by 20 f.lmol g-l during 60 min). During recovery, these alterations were reversed within the first 6 h. The Mg2+ content remained unchanged. In spite of the appreciable plasma to ECF Ca2 + gradient, no significant calcium accumulation was observed. It is con cluded that hypoglycemia leads to irreversible neuronal necrosis in the absence of gross accumulation of calcium in the tissue. Key Words: Brain-Calcium-Cerebral damage-Hypoglycemia. gradients for K + and Ca2+ across the blood-brain barrier (BBB), favouring efflux of K + and influx of Ca2+. Although direct evidence is not at hand, it seems likely that Na + enters cells and that, accord ingly, a gradient is created for Na + influx across the barrier.
It has been widely assumed that cell damage in ischemic and other adverse conditions is, at least in part, related to loss of cellular calcium homeo stasis, with an ensuing calcium "overload" of mi tochondria and with overactivation of proteases and lipases (e. g. , Fleckenstein et aI. , 1974; Wroge mann and Pena, 1976; Katz and Reuter, 1979; Farber, 1981; Siesjo, 1981; see also, Hossmann et aI., 1983 see also, Hossmann et aI., , 1985 Cheung et aI. , 1986) . In complete ischemia, the extra calcium load must be restricted to the calcium, which is contained in the extracel lular fluid (ECF) of the tissue. During incomplete ischemia, additional calcium may be derived from blood, the rate of delivery being determined by the residual blood flow and by the BBB permeability to calcium.
In two respects, hypoglycemic coma represents a unique pathophysiological condition. First, al-though energy failure and loss of ion homeostasis is extensive, some energy is produced and the oxygen supply is maintained. It seems possible, therefore, that the electrical potential across the inner mito chondrial membrane is at least partly maintained, allowing continuous calcium sequestration. Second, since the blood flow is either normal or in creased (Abdul-Rahman et al., 1980; Siesj6 et al., 1983; Bryan et al., 1987) calcium entry from the blood is only limited by the BBB permeability.
There are surprisingly few previous reports of ce rebral electrolyte content in severe hypoglycemia (Ellison et al., 1958; Arieff et al., 1974; Thurston et aI., 1976) and none, to the knowledge of the au thors, on calcium and magnesium. In the present study, therefore, hypoglycemic coma of defined du rations (10, 30, and 60 min) was induced and tissue concentrations of Ca2+ , Mg2+ , K +, and Na + were assessed. In other experiments, animals were al lowed recovery periods of 1.5, 6, and 24 h, fol lowing a 30-min period of hypoglycemic coma. The primary objective of the present study was to ex plore whether hypoglycemic coma is accompanied by continuous cellular accumulation of calcium. The K + and N a + contents were measured pri marily to see whether a net flux between tissue and plasma occurs for these ions along the steep con centration gradients created (K +) or assumed to be created (Na +) by the hypoglycemia. Finally, the Mg2+ content was assessed because magnesium is implicated in the cellular defense against adverse conditions (see Altura et al., 1987) and because the ion plays an important role in limiting calcium flux through agonist-operated calcium channels (Nowak et al., 1984; Dingledine, 1985) .
MATERIALS AND METHODS

Materials
Male Wistar rats (300-370 g) of a S.P.E. strain were obtained from Mpllegaard Breeding Center (Copenhagen, Denmark). They were allowed free access to tap water and food pellets (Astra-Ewos, Sodertilje, Sweden). The animals were fasted overnight before the experiments, with access to tap water. Insulin (Actrapid) was obtained from Novo Industry A/S (Copenhagen). Lanthanum chlo ride, caesium chloride, and all other electrolytes for stan dard solutions were obtained from Kebo AB (Malmo, Sweden).
Operative techniques
Procedures for induction, maintenance, and termina tion of anesthesia, as well as for induction of hypogly cemia, have been described in detail previously Auer et al., 1984) . In summary, the animals were anaesthetized and maintained during operation with halothane/N20, and then kept paralyzed and artificially ventilated on 70% N20 and 30% O2, This study was origi nally designed to encompass only nonrecovery experi- Vol. 7, No.6, 1987 ments. In these (control, hypoglycemia with a slow-wave EEG pattern, hypoglycemic coma with cessation of EEG activity for lO, 30, or 60 min), the animals were injected intraperitoneally with 40 IU/kg-1 of insulin, a dose used in several previous studies from the laboratory, and tissue was sampled for analysis at the appropriate (EEG) endpoints. The group of animals with slow waves, hence forth denoted the precoma group, had pronounced slowing of the EEG and low blood glucose concentra tions (mean 0.87 fLmol ml-I). However, since EEG sup pression was not observed, the animals would be ex pected to have a normal cerebral energy state (see Nor berg and Siesjo, 1976; Wieloch et al., 1984) . The control group was given a slow intravenous infusion of a 10% glucose solution to maintain plasma glucose concentra tion at 6-10 fLmol ml-I.
When recovery animals were included, the dose of in sulin was reduced to 2 IU kg-I to avoid posthypogly cemic muscle weakness (Auer et al., 1984) . In order to make certain that animals given this lower dose of insulin did not differ in terms of electrolyte alterations during coma, two animals were each given 2 IU kg-I of insulin, and analysed after 10, 30, and 60 min of isoelectric EEG. To induce recovery after a 30-min coma period, glucose was infused intravenously and the animals were recov ered as described previously (Auer et al., 1984) . In one group, in which tissue was sampled after 90 min of re covery, the animals remained anaesthetized and venti lated for that period. In the other two groups, the animals were re-anesthetized with halothane/N20 before tissue was sampled. In all animals, this occurred by freezing of the tissue in situ (Ponten et al., 1973) .
Analytical techniques
For analyses of tissue water and electrolyte contents, samples of parietal cortex were dissected and weighed at -22°C. Water content was obtained by calculating the difference between wet and dry weights following drying at lO5°C. For analysis of Ca 2 +, Mg 2 +, K + , and Na + the dry residue was extracted for 24 h with 0.75 M HN03 as described by Bradbury et al. (1968) . Ion concentrations were measured by atomic absorption spectrophotometry using a Yarian AAG model.
Statistical analysis
Statistically significant differences were determined using Dunnett's test, following analysis of variance (ANOYA). A p value < 0.05 was considered significant.
RESULTS
Physiological variables and blood glucose con centrations were as expected from previous studies of hypoglycemia, in which a similar model was used Auer et al., 1984) . Thus, while body temperature was close to 37°C in all groups, arterial Peo 2 remained at about 35 mm Hg, and P0 2 at values of -100 mm Hg (data not shown). MABP was maintained> 120 mm Hg, and no hypo tensive values were encountered. In the slow-wave group, blood glucose was in the range of 0.63-1.24 \-Lmol ml-1 and, during coma, it was usually <0.5 \-Lmol ml-1. The recovery groups had similar physi- Values are means ± SEM in f!mol ml-1 (n = 6). a Values statistically different from control (p < 0.025).
ological parameters, and their blood glucose con centrations were in the range 6-10 flmol ml-I. Plasma concentrations of Ca2+, Mg2+, K + , and Na + were measured in six animals per group both before and during hypoglycemia. As Ta ble 1 shows, changes induced by hypoglycemia were relatively small. However, plasma K + concentration in creased during coma, as did the Mg2+ concentra tion, while the Ca2+ concentration was somewhat reduced after 60 min.
The corresponding tissue concentrations (cere bral cortex) are shown in Ta ble 2. As stated in Op erative techniques, animals in the control group were given insulin but had enough glucose infused to maintain the blood concentration at normal values. This group and the group sampled at the stage of pronounced EEG slowing (blood glucose concentration 0.87 ± 0.09 flmol ml-I ) had identical electrolyte and water contents, thus demonstrating that hypoglycemia of a degree that does not induce cessation of EEG activity is unaccompanied by net electrolyte shifts between tissue and blood [and does not cause shifts between intra-and extracel lular fluids (see Astrup and Norberg, 1976; Pelli grino et aI., 1982; Harris et aI., 1984; Wieloch et aI., 1984) ]. The changes were identical in animals given 40 or 2 IV kg-I of insulin. For that reason, the values were pooled.
When EEG activity ceased the total K + and Na + concentrations changed. After 60 min of coma, the decrease in K + amounted to 20 flmol g -I. The N a + content increased by a similar amount. Since the changes in K + and Na + contents were not far from linear, one can approximate the rate of change to 0.3 flmol g-I min-I. The water content showed no statistically significant changes, but the combined results from the three hypoglycemic groups suggest that coma was associated with a reversible increase in water content by about 0.5% (wet weight basis).
As Ta ble 1 shows, there were no significant changes in the tissue contents of Ca2+ or Mg2+ during hypoglycemia. Clearly, any increase in tissue Ca2+ content, undetected by the present analysis, cannot have exceeded 0.1 flmol g-I per 60 min, i.e., 0.002 flmol g-I min-I.
The data of Ta ble 2 show that Ca2+ content did not change during 24 h of recovery and that the changes in tissue K + and Na + contents were rapidly revers ible upon normalization of plasma glucose concen tration.
DISCUSSION
As remarked, there are only few previous reports of cerebral electrolyte metabolism in severe hypo glycemia. Ellison et al. (1958) injected insulin intra venously in conscious rats and killed the animals 1.5-5.5 h later when they exhibited symptoms ranging from stupor to coma. They found no statis tically significant alterations in water or potassium contents when the latter was expressed on a wet weight basis; on a dry weight basis, however, the potassium content had increased in insulin-injected Values are means ± SEM in fLmol g-l of wet weight. H 2 0 content is expressed as percentage of wet weight. n = 6 in control and hypoglycemic groups; n = 4 in recovery groups. One grossly abbe rant Ca2+ value was omitted from the control and the 10-min coma groups. a p < 0. 05 versus control. b p < 0.01 versus control. c p < 0. 05 versus precoma group. d p < 0.01 versus pre coma group.
animals. A more extensive study was performed by Arieff et al. (1974) on barbiturate-anaesthetized rabbits that were killed at times when animals studied in parallel had not yet developed symptoms of hypoglycemia following insulin injection (35 min), when they showed grand mal seizures (133 min), and when they were unresponsive (212 min). Animals in the first group had significantly in creased brain potassium concentrations. An in crease in sodium content was observed in the second group (equivalent to animals with seizures), and in chloride content in the third (coma). Water content was increased by 5% in the second and by 12% in the third group (dry weight basis). The au thors concluded that insulin per se caused in creased net transport of K + and Na + into the tissue and that this was responsible for edema and sei zures. The conclusions were refuted by Thurston et al. (1976) working on mice. These authors found that animals with severe hypoglycemia had a small increase in water content but either no or very moderate changes in Na + and K + contents (in young mice K + content was somewhat reduced). These results are probably inconsistent because the functional impact of the hypoglycemia was vari able and not well defined. For example, major alter ations in extracellular ion concentrations occur first when EEG activity ceases and energy failure ensues. These results, therefore, are not directly comparable to the results of the present study, which pertain to defined periods of hypoglycemic coma causing predictable energy failure and loss of ion homeostasis.
The present results clearly demonstrate that hy poglycemic coma of this severity causes K + to be lost from the brain at an appreciable rate and N a + to accumulate. These changes are predictable since hypoglycemia creates a large K + gradient across the BBB and presumably also a large Na + gradient. The permeability of the BBB to calcium is report edly low (Katzman and Pappius, 1973; Bradbury, 1979; Murphy et al., 1986) . It is, nonetheless, striking that the creation of a steep plasma to ECF gradient for Ca2+ during hypoglycemia does not lead to a larger accumulation of calcium in the tissue. One may argue that the concentration gra dient is much smaller for calcium than for potas sium or sodium and that calcium, having two posi tive charges, is less permeable. However, following ischemia substantial amounts of calcium may accu mulate during the first 3 h of recirculation (Hoss mann et al., 1983) . Clearly, massive calcium loading does not occur in hypoglycemia. It remains to be shown whether calcium accumulation and/or in creased turnover at the level of individual cells cor-J Cereb Blood Flow Metabol, Vol. 7, No.6, 1987 relates to neuronal necrosis following hypogly cemia, as occurs in ischemia (Dienel, 1984) .
